Abstract: Ultrasonic transducers are used in many fields of application, including medical imaging/treatment, non-destructive testing and material characterization. To assure the quality of the ultrasonic investigation transducers require regular checks for possible deterioration and accurate calibration. Current methods rely on point-by-point scanning of the ultrasound field with a needle hydrophone, which is expensive and time consuming. Recently, we have developed a new concept, in which a fast full-field visualization of the radiation field is achieved through Acoustically induced PiezoLuminescence (APL). Here, we report on an improved ultrasonic beam visualization and provide further insights into the mechanism underlying APL and mechanoluminescence.
Introduction
Ultrasonic waves are compressional waves with a frequency over 20 kHz. Many non-destructive inspection techniques study the scattering or transmission of ultrasound as it propagates through the object of interest. With that aim, ultrasonic waves are generated (and collected) by a piezoelectric transducer. Advanced applications of ultrasound technology, including non-destructive testing and biomedical imaging require a 2D or even 3D reconstruction of the target. Therefore a full characterization of the emitted ultrasound field is of utmost importance to enable adequate results. Furthermore, the presence of small deviations in the piezoelectric element inside the transducer housing can give rise to a non-symmetric and poorly focused ultrasonic beam, thus leading to possibly false interpretation. As a consequence, transducers require regular checks during their operational life (so called quality assurance (QA) tests) [1, 2] .
Current calibration technologies solely rely on scanning techniques, typically using costly needle hydrophones, which present two major limitations. First, these methods require mechanical movement between every scanned point, making them vastly time consuming. Secondly, the size to sensitivity ratio of needle hydrophones impedes their use for high-frequency fields which are being applied more often in ultrasound technology.
Mechanoluminescence (ML) is a specific type of luminescence where a material emits visible light upon the application of a mechanical load. Just like most luminescent compounds (also called phosphors), ML materials consist of a semiconducting or dielectric host crystal doped with a small fraction of optically active elements (e.g., transition metals or lanthanides). When such a material is exposed to an external energy source (e.g., UV light), charge carriers can get sufficient energy for transitions between the available energy levels. The dopants provide such energy levels inside the band gap of the host crystal, creating new possibilities for radiative transitions of the charge carriers, with subsequent emission of visible light, typically with a lower energy than that of the original source. Some luminescent materials (called persistent phosphors) contain defects in the host crystal (e.g., other substitutional elements, vacancies …) which also create energy levels in the band gap of the phosphor. There, charge carriers can remain trapped for extended periods of time (seconds to hours) before being promoted through absorption of external energy (e.g., thermal energy at room temperature). This eventually leads to light emission from the emitting dopant center, resulting in the well-known afterglow or "glow in the dark" phenomenon [3, 4] .
According to the piezoelectrically induced electron detrapping model (PIED) [5] , a persistent phosphor can show ML when the host crystal is built up from non-centrosymmetric unit cells, effectively making host crystal a piezoelectric material. In these crystals, external mechanical stimulation induces the generation of a local, internal electric field with sufficient energy to detrap the charge carriers from the defect levels and induce the emission of visible light. The physical mechanisms underlying this ML phenomenon are not entirely understood, and various explanations and models coexist. Further investigation is therefore required. For a comprehensive overview of existing models, the interested reader is referred to [6] .
By combining ultrasound and ML, we have previously reported a new concept for ultrasound visualization and investigation of Acoustically induced PiezoLuminescence (APL) [7] . After Zhan et al. presented the proof of concept in 2011 [8] , this was the first time ML was used to visualize cross sections of an ultrasonic field at different distances to the transducer. Here, we report on our experimental investigation of APL and its dependency on various ultrasonic parameters.
Material and Methods

Sample Preparation
The investigated APL compound was BaSi2O2N2 in which 2 wt % of the Ba 2+ ions were replaced by Eu 2+ (abbreviated as BaSiON), which was prepared through a solid state reaction in what is called the "shake and bake" method. In this procedure, stoichiometric amounts of starting chemicals BaCO3, Si3N4 and EuF3 were thoroughly ground and mixed. They were then placed in an alumina crucible, heated to 1425 °C and kept at that temperature for 4 hours in an atmosphere of forming has (90% N2 + 10% H2). This allowed the reduction of the Eu 3+ ions of the starting materials into Eu 2+ , which could then replace Ba 2+ atoms. The resulting crystal was crushed to obtain micropowders with a size distribution of 1-50 µm.
For APL visualization, these powders were embedded into a transparent polymer matrix by mixing them with a 3:1 solution of toluene and methylethylketone (MEK) which contained 20 wt % of Kraton FG1901X polymer. This mixture was dropcasted on a Plexiglas substrate after which the solvents were allowed to evaporate. The loading ratio of phosphor material to polymer was chosen to be 1:5 in order to obtain a semi-transparent, yet sufficiently luminescent sample.
For investigating the APL dependency on various ultrasonic parameters, the powder was fixed between two sheets of transparent polyethylene film to create semi-transparent sheet-like samples.
Experimental Setup
The first setup for ultrasound visualization used in [7] (see Figure 1 ) had a few drawbacks as it was used for a proof of concept only. New semi-transparent samples were introduced in order to allow APL detection from the opposite side of ultrasound impingement.
The study of the APL mechanism and the influence of ultrasonic parameters was performed on a setup built at the Physics of Fluids group (PoF) at the UTwente. In order to avoid standing waves in the sample and allow for a quantitative measurement, a setup was designed where BaSiON sheets (with a thickness below the typical ultrasonic wavelengths) were inserted in a water tank, allowing them to be irradiated from the bottom with a focused ultrasound transducer (Olympus panametrics). Before each measurement, the sample was optically charged with a UV blacklight lamp controlled by a relay for accurate timing. 
Results
Improved Ultrasound Visualization
Using the improved setup described in the experimental section, a new APL visualization was performed of the same transducer as in [7] (Gymna 200 apparatus, operating at 3.3 MHz and 9.5 W acoustic power), this time measuring a cross section every 5 mm along the beam path rather than at a few positions. The images were combined into a movie, which can be viewed online (a link is included in the supplementary materials section). A selection of cross sectional APL images is compared with those obtained with the original setup in Figure 2 . From these pictures it is evident that the use of a sub-wavelength-thick sample results in a major improvement of the spatial resolution (for example see z = 295 mm or z = 100 mm) as interferences within the sample, wave attenuation and scattering, both of light and ultrasound, are minimized. It is also clear that the patterns are not perfectly symmetric, but have regions of higher intensity along the outer ring (especially visible in the near field of the transducer, at z < 200 mm). Rotating the sample had no visible effect on the observed pattern the patterns, thereby confirming that the asymmetry results from irregularities in the piezoelectric element or matching layer of the transducer. Figure 3 shows a combination of 24 APL experiments, each performed at a specific time delay after the end of optical excitation (t = 0). After this time delay, the sample was irradiated by a 1.5 second-long ultrasound burst at 4 MHz and 2.2 MPa acoustic pressure. The afterglow of the BaSiON sample (without mechanical stimulation) is depicted by the solid black line. For each measurement, the typical peak in emission is visible when the ultrasonic transducer is switched on. Then the APL emission reaches a peak saturation value and starts declining, until the ultrasonic stimulation is switched off and the intensity drops below the afterglow. The grey dotted line depicts the result of a double-exponential fit to the APL peak values. The inset shows the total area under the curve for each time delay, with respect to the afterglow level (as integrated for 60 s for this experiment, as well as for 600 s, from a reference measurement). This kind of integrated area under a curve can be related to the total emitted energy during one experiment. It is clear that the APL peak intensity decreases with the delay time, in a similar fashion to the afterglow. Both can be described by a double-exponential fit of the form
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where the parameter b determines the fast part of the decay, and d the slow part (the tail). When we compare these two parameters for fits to the APL peak intensities and to the afterglow, we find that the former drop at approximately half the rate of the latter: bAPL = (0.2348 ± 0.0269) s −1 versus bAG = (0.5450 ± 0.0035) s −1 and dAPL = (0.0186 ± 0.0017) s −1 versus dAG = (0.0313 ± 0.0002) s −1 . This indicates that APL emission has access to the same pool of trapped charges as the afterglow, with a similar trap depth distribution, but that it depletes this energy pool at a slower rate. This result is confirmed in the inset, where the total emitted light during an APL experiment is higher than that of the reference afterglow (when integrated up to 60 or 600 s). In addition, we see that the total energy that can be released by ultrasonic stimulation increases up to a time delay of 14 s, before reaching a plateau. This behavior can be explained by using the so called "two trap level model" as introduced for BaSiON in [9] , which models the distribution of trap levels present in the band gap by two levels: a "shallow" level A and a "deep" level B. Shown in Figure 4a , this model labels the relevant steps in the mechanism as follows:
1-3-4: Thermally or mechanically assisted release of a trapped charge carrier towards the emitting center. 2: Emission resulting from the arrival of a charge carrier through one of the other pathways. 5: Retrapping in a shallow trap of a charge carrier previously released from a deep one. 6: Mechanically assisted transfer from a deep trap to a shallow one.
The thermally assisted emptying of traps, causing the afterglow emission, happens in two phases as described by the double exponential in Equation (1) . In the fast phase, mainly shallow traps A are emptied along with a small number of deep traps B, which can be understood as the detrapping probability p follows a Boltzmann law
The detrapping probability depends on the energy barrier ΔE (corresponding to the vertical distance between the trap level and the conduction band). B traps contribute to the afterglow process on a slower timescale, since they have a larger energy barrier to overcome at a given temperature T. When the shallow traps are depleted, the afterglow enters the second (slow) phase with emission arising mainly from these deep traps. After ten minutes, only the deeper traps have not yet been fully depleted, contributing to a small, yet persistent emission intensity. When an ultrasonic stimulation is applied during the initial phase, pathway 1 causes a lot of "direct" emission and a large APL peak appears, with only a limited generation of afterglow (i.e., the tail in the APL emission peak after ending the ultrasound stimulation). The peak is thus narrower than when ultrasound is applied in a later stage, when the retrapping becomes more prominent. This can be explained as pathways 5 and 6 are initially happening at a lower rate compared to the direct recombination because their possible trapping levels are still largely occupied. These pathways become available in a later stage.
Finally, APL emission was recorded at two different ultrasonic frequencies and acoustic pressures (with P1 > P2). The resulting curves are shown in Figure 4b , showing that APL works for different ultrasonic frequencies and pressures. This provides a good indication that the APL visualization method can be used over a wide range of frequencies and, through proper calibration, for absolute measurements of ultrasonic intensities. 
Conclusions
In conclusion, the APL visualization technique has been improved, allowing the radiation field of a transducer to be mapped in a short time. The mechanism behind this phenomenon has been explained using the two trap level model, showing that both deep and (thermally accessible) shallow traps can be addressed by an ultrasonic stimulation. This means it would be possible to use a suitable phosphor compound with a deeper overall trap distribution, thus reducing the afterglow during measurements (which acts as an interfering background for APL measurements). Finally, it was shown that APL works at frequencies between 3.3 MHz and 10 MHz. Our recent preliminary experiments indicate that the useful frequency range for APL might be even broader. Through proper calibration, the APL visualization method can be used to spatially map the absolute ultrasonic intensity in two dimensions for a range of transducers. 
